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SUMMARY 
Lead  tin  telluride  diode  lasers  with  emission  wavelengths  of 6 to 9 pm 
easily  operate  continuously  at  temperatures  above  77K.  These  lasers  have  the 
Pb Sn Te/Pbl-xSnxTE/Pb Sn Te/PbTe (substrate), (x > y) double 
heterostructure. 
1-Y Y 1-Y Y 
To  prepare  this  structure  by LPE, the  growth  temperature  must  be  below 
600°C to  suppress  diffusion  of  the  tin  during  the  epitaxial  growth. 
In  this  paper,  the  mechanism  by  which  the  heterojunction  boundaries 
become  irregular  is  cleared  and a new  LPE method  which  prevents  the 
irregularity  is  explained.  The  lasers  prepared  from  the  wafers  grown  by  the 
new method  have  demonstrated CW operation  at  wavelengths  longer  than 10 urn 
above  liquid  nitrogen  temperature. 
INTRODUCTION 
Lead  tin  telluride  diode  lasers  are  well  known  as  excellent  radiation 
sources in the  wavelengths  longer  than 6 pm"). The  diode  lasers  should  be  of 
double  heterostructures  to  reduce  the  threshold  current  densities  or  to 
operate  at  temperatures  above 77K(2). Lasers  with  wavelengths  from 6 to 
10 ~ I U  operate  easily  above  77K  and  they  are in practical  use. 
On  the  other hand, it  is  very  difficult  for  the  lasers  to  operate  on CW 
with  wavelengths  over 10 urn above  liquid  nitrogen  temperature. The  reason  for 
this  is  the  difficulty  of  preparing  flat  heterojunctions  for  the  lasers  with 
wavelengths  over 10 pm.  The  heterojunction  boundaries  become  irregular  if  the 
junctions  are  made  by  the  usual LPE method. 
A  new  LPE method  has  been  developed  which  overcomes  the  problem  of 
irregular  heterojunction  boundaries. 
By the new  method,  lasers  capable  of  CW  operation  have  been  made  at 
wavelengths  longer  than 10 pm  at  temperatures  above  77K. 
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EXPERIMENTAL 
H i g h l y  r e l i a b l e  lasers wi th  mesa strata s t r u c t u r e  h a v e  b e e n  
developed (3)  ( 4 ) .  The s t r u c t u r e  of  the laser is shown i n  F i g u r e  1. The 
he te ro junc t ions  have  been  p repa red  by  the  l i qu id  phase  ep i t ax ia l  g rowth  method 
u s i n g  g r a p h i t e  s l i d i n g  b o a t .  To confine  the  photons  and carriers i n  t h e  
a c t i v e   l a y e r ,   t h e   p r o p o r t i o n   o f  SnTe which is denoted as -X i n   t h e  active 
l a y e r  i s  h ighe r   t han  Y which is  the   p ropor t ion  of two c o n f i n i n g   l a y e r s .  The 
in su la t ing  f i lms  have  been  made by the  anod ic  ox ida t ion  ( 4 )  . 
The wavelength of  the lasers is  determined by the composition of the 
a c t i v e  r e g i o n  a n d  t h e  t e m p e r a t u r e .  To make the  wavelength  longer  than  10 um 
a t  77K, t he   va lue   o f  X must  be more than 0 . 2 ,  whi le   for   wavelengths   o f  
6 t o  10 pm X is less than  0.2. 
When the  doub le  he t e ro junc t ions  are formed by  the  usua l  LPE technique ,  
t he  shapes  o f  t he  he t e ro junc t ion  boundar i e s  va ry  obv ious ly  whe the r  t he  com- 
p o s i t i o n  of t h e  a c t i v e  l a y e r  is over  0.2 o r  n o t .  
Two photomicrographs  of  e tched  cross  sec t ions  of  double  he te rowafers  are 
shown i n  F i g u r e  2.  Both are grown  by t h e  same LPE method. One i s  an  example 
o f  t h e  w a f e r s  f o r  t h e  6 t o  10 v m  lasers, and  the  o the r s  i s  an example of t h e  
wafe r s  fo r  ove r  10 pm. 
He te ro junc t ions  con ta in  many d i s l o c a t i o n s ,  w h i c h  i s  due t o  t h e  m i s f i t  of 
t he  l a t t i ce  cons t an t .  The m i s f i t  d i s l o c a t i o n s  b e t w e e n  t h e  s u b s t r a t e  a n d  t h e  
f i r s t  l a y e r  s p r e a d  i n  t h e  d i r e c t i o n  of t h e  c r y s t a l  g r o w t h .  T h i s  is d u e  t o  t h e  
m u t u a l   s e l f   d i f f u s i o n  of Pb and  Sn(5). The growth  temperature   of   the  
second  and  the  th i rd  l aye r s  must be low enough t o  s u p p r e s s  m u t u a l  d i f f u s i o n .  
T h e r e f o r e ,  t h e  a c t i v e  r e g i o n  i s  grown a t  a temperature  of  600°C. 
A photomicrograph for  the long wavelength laser shows t h a t  t h e  h e t e r o -  
j u n c t i o n  b o u n d a r i e s  b e t w e e n  t h e  f i r s t  and second layers  and between the second 
and t h i r d  l a y e r s  are i r r e g u l a r .  When t h e  h e t e r o j u n c t i o n  b o u n d a r i e s  are 
i r r e g u l a r ,  t h e  s c a t t e r i n g  l o s s  t h a t  r e s u l t s  becomes s o  s e r i o u s  t h a t  lasers 
made from  wafers shown i n  F i g u r e  2 A  do no t  ope ra t e  even  a t  20K. But lasers 
with wavelengths from 6 t o  10 v m ,  p repa red  f rom the  wafe r  w i th  f l a t  he t e ro -  
j u n c t i o n s  shown i n  F i g u r e  2B,  g ive  good CW opera t ion  above  77K. 
To c o n f i r m  t h e  c a u s e  o f  i r r e g u l a r i t y  i n  w a f e r s  f o r  l o n g  w a v e l e n g t h  lasers, 
another   experiment  w a s  performed. The r e s u l t  i s  shown i n   F i g u r e  3 .  The f i r s t  
l a y e r  of Y = 0.13 was grown a l l  o v e r   t h e   s u r f a c e  of t h e  PbTe s u b s t r a t e .  
A f t e r  r e m o v i n g  t h e  s o l u t i o n  f o r  t h e  f i r s t  l a y e r ,  t h e  s o l u t i o n  f o r  t h e  s e c o n d  
l a y e r  was k e p t  o n  j u s t  h a l f  of t h e  f i r s t  e p i t a x i a l  l a y e r  f o r  1 minute 
i so the rma l ly  a t  6OO0C. Then t h e   s o l u t i o n  was removed. The sur face   where   the  
second so lu t ion  w a s  kept  on is uneven,  while  the remaining half  of t h e  
s u r f a c e  i s  smooth .   The   c ross   sec t iona l   v iew shows t h a t  a t  some p l a c e s ,  t h e  
mel t ing  back  occurs  as was expected,  and moreover ,  epi taxial  growth occurs  
near  the melted back area. 
From the measurement of the l a t t i ce  cons tan t  by  the  X-ray d i f f r a c t i o n  
technique ,  the  composi t ion  of t h e  p r e c i p i t a t e d  l a y e r  w a s  de t e rmined  to  be  
x = 0.25. 
From t h i s  e x p e r i m e n t ,  t h e  c a u s e  o f  i r r e g u l a r i t y  i s  found t o  b e  d u e  n o t  
o n l y  t o  t h e  m e l t i n g  b a c k  b u t  a l s o  t h e  p r e c i p i t a t i o n .  Of c o u r s e ,  t h e  s a t u r a t e d  
s o l u t i o n s  were u s e d  f o r  t h e  e p i t a x i a l  g r o w t h ,  b u t  even w i t h  t h e s e  s a t u r a t e d  
s o l u t i o n s ,  b o t h  m e l t i n g  b a c k  a n d  p r e c i p i t a t i o n  o c c u r r e d .  
The mechanism of the  me l t ing  back  and p r e c i p i t a t i o n  u s i n g  s a t u r a t e d  
so lu t ions  can  be  expla ined  by  the  phase  d iagram.  
The ternary  phase  diagram  of  Pb, Sn and Te  w a s  i n v e s t i g a t e d   i n   d e t a i l  
by Harris, e t  a l .  (6) 
The t empera tu re  o f  t he  ep i t ax ia l  g rowth  o f  t he  second  and  th i rd  l aye r s  
is below 600"C, so t he  r eg ion  be low the  600°C i s o t h e r m a l  l i q u i d u s  l i n e  m u s t  
b e   c o n s i d e r e d .   N o t e   t h a t   t h e   i s o c o m p o s i t i o n a l   s o l i d u s   l i n e s   c u r v e   s h a r p l y  
where  the  composition i s  over  x = 0.2.  
F i r s t ,  t h e  i r r e g u l a r i t y  o f  t he  he t e ro junc t ion  boundary  be tween  the  f i r s t  
and  second  ep i t ax ia l  l aye r s  is  cons idered .  
The ternary phase diagram which is r e l a t e d  t o  t h e  f i r s t  a n d  s e c o n d  l a y e r s  
is shown i n  F i g u r e  4 .  When t h e  f i r s t  l a y e r  i s  a l r e a d y  grown and  the  so lu t ion  
f o r  t h e  s e c o n d  l a y e r  makes c o n t a c t  w i t h  t h e  f i r s t  l a y e r ,  t h e  f i r s t  l a y e r  i s  i n  
e q u i l i b r i u m  w i t h  t h e  s o l u t i o n  whose  composition i s  denoted by the point  B 
where Y = 0 . 1 3   s o l i d u s   i n t e r c e p t s   t h e  600°C l i q u i d u s .  So, t h e   f i r s t   l a y e r  
i s  n o t   i n   e q u i l i b r i u m   w i t h   t h e   s o l u t i o n  a t  t h e   p o i n t  A where x = 0.25 
s o l i d u s  i n t e r c e p t s  t h e  600°C l iqu idus ,  which  i s  the composi t ion of  the second 
s o l u t i o n .  The f i r s t   compos i t ion   and   t h i s   s econd   compos i t ion  are s o  d i f f e r e n t  
t h a t  a d i sequ i l ib r ium emerges  in s t an taneous ly  when the  second  so lu t ion  is 
h e l d  o n  t h e  f i r s t  e p i t a x i a l  l a y e r .  To r e s t o r e   e q u i l i b r i u m   b e t w e e n   t h e   s o l i d  
and  the  l iqu id ,  the  Composi t ion  of the second solut ion changes from the point  
A toward   the   po in t  B a l o n g   t h e  600°C i s o t h e r m a l   i q u i d u s   l i n e .  
I n  o r d e r  t o  c h a n g e  t h e  c o m p o s i t i o n  o f  t h i s  s o l u t i o n ,  t h e  m o l e c u l a r  in te r -  
change  be tween  the  so l id  and  the  l i qu id  o f  d i f f e ren t  compos i t ion  i s  r equ i r ed .  
By t h e  l o c a l  m e l t i n g  b a c k  o f  t h e  f i r s t  l a y e r  o f  Y = 0.13,  the composi t ion 
o f   t he   so lu t ion  moves f rom  the   po in t  A toward  the  point  C which is  t h e  
composi t ion   o f   the   f i r s t   l ayer .   This   composi t iona l   change  is  i n d i c a t e d  by t h e  
v e c t o r  a. On t h e   o t h e r   h a n d ,   b y   t h e   p r e c i p i t a t i o n   o f  x = 0.25, t h e  composi- 
t i o n  of t h e   s o l u t i o n  moves f rom  the   po in t  A a g a i n s t   t h e   p o i n t  D which is 
the   composi t ion   o f   the   second  layer .   This   composi t iona l   change   due   to   the  
p r e c i p i t a t i o n  is  i n d i c a t e d  b y  t h e  v e c t o r  b .  
When the  me l t ing  back  and p rec ip i t a t ion  occur  s imul t aneous ly ,  t he  mot ive  
f o r c e  of the  composi t iona l  change  a long  the  600°C i so thermal  l iqu idus  emerges .  
This  is t h e  r e a s o n  why t h e  i n t e r f a c e  of  the f irst  and second layers becomes 
i r r e g u l a r .  
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The mechanism of t h e  i r r e g u l a r i t y  b e t w e e n  t h e  s e c o n d  a n d  t h e  t h i r d  l a y e r s  
is j u s t  t h e  reverse mechanism of  the  a forement ioned  i r regular i ty  a t  t h e  i n t e r -  
f a c e  o f  t h e  f i r s t  a n d  s e c o n d  l a y e r ;  t h a t  is, t h e  c o m p o s i t i o n  o f  t h e  t h i r d  
s o l u t i o n  moves toward  the  composi t ion  of  the  second so lu t ion  a long  the  6OOOC 
l i q u i d u s  l i n e .  
A l l  t h i s  e x p l a i n s  why t h e  h e t e r o j u n c t i o n s  become i r r e g u l a r  when double  
he te rowafers  are produced by the usual  LPE method. 
However, a way has  been  found  to  p roduce  f l a t  he t e ro junc t ion  boundar i e s  
on double  he te rowafers  for  the  6 t o  1 0  pm lasers. 
The reason this  can be done can be understood from the phase diagram. 
The i s o c o m p o s i t i o n a l   l i n e s  are s t r a i g h t   b e l o w  x = 0.20. So, the   composi t iona l  
d i f f e r e n c e  o f  t h e  s o l u t i o n s  b e t w e e n  t h e  f i r s t  l a y e r  a n d  t h e  s e c o n d  l a y e r  i s  no t  
so  l a r g e ,  t h e  r e s u l t  b e i n g  t h a t  s e r i o u s  d i s e q u i l i b r i u m  d o e s  n o t  o c c u r .  Of 
cour se ,  t he  so lu t ion  compos i t ion  fo r  t he  second  l aye r  moves toward  tha t  of  the  
f i r s t  s o l u t i o n ,  b u t  t h e  m o t i v e  f o r c e  is  so  small t h a t  t h e  b o u n d a r i e s  do n o t  
become i r r e g u l a r .  
From the  a fo remen t ioned  ana lys i s ,  i t  is s e e n  t h a t  t o  o b t a i n  f l a t  h e t e r o -  
j unc t ion  boundar i e s  fo r  t he  long  wave leng th  laser, i t  is necessa ry  to  p roduce  
p r e c i p i t a t i o n   o n l y ,   w h i l e   s u p p r e s s i n g   t h e   m e l t i n g   b a c k .  So,  supercooled 
so lu t ions  fo r  t he  g rowth  o f  t he  second  and  th i rd  l aye r s  were used i n  o r d e r  t o  
a l low no t i m e  for  composi t iona l  change .  
The t e m p e r a t u r e  p r o f i l e  f o r  t h e  u s u a l  LPE growth  method is shown i n  
F igure  5. The f i r s t  l a y e r  is grown s l o w l y  t o  a s s u r e  t h e  q u a l i t y  o f  t h e  e p i -  
t a x i a l  l a y e r ,  t h e n  t h e  s e c o n d  a n d  t h i r d  l a y e r s  are grown cont inuous ly  a t  t h e  
coo l ing  rate of 1 ° C  per  minute .  
The m o d i f i e d  t e m p e r a t u r e  p r o f i l e  i n  o r d e r  t o  a c h i e v e  t h e  s u p e r c o o l e d  
cond i t ion  is shown i n  F i g u r e  6 .  The b e g i n n i n g  h a l f  o f  t h e  f i r s t  l a y e r  is 
grown unde r  the  usua l  cond i t ions ,  bu t  i n  the  midd le  po in t  of t h e  f i r s t  l a y e r  
growth ,   the   cool ing  rate is  changed t o  as much as 3°C p e r  minute.  While t h e  
l as t  h a l f  of t h e  f i r s t  l a y e r  i s  g rowing ,  t he  so lu t ions  fo r  t he  second  and  th i rd  
l a y e r s  are s u f f i c i e n t l y  s u p e r c o o l e d  p r i o r  t o  making c o n t a c t  w i t h  t h e  s u b s t r a t e .  
Then the  second and t h e  t h i r d  l a y e r s  are grown cont inuous ly .  
The c o o l i n g  rate of 3OC per  minute  i s  s u f f i c i e n t  t o  k e e p  t h e  s o l u t i o n s  
supercooled.  
A photomicrograph  of  the  c ross  sec t ion  grown  by t h e  new LPE method i s  
shown i n  F i g u r e  7.  Not ice  how f l a t  t h e  h e t e r o j u n c t i o n  b o u n d a r i e s  are. 
Lasers p r e p a r e d  f r o m  t h e  w a f e r s  l i k e  t h i s  e a s i l y  o p e r a t e  on CW wi th  
wavelengths  longer  than 10 urn above 77K. 
I n  F i g u r e  8, one  example  of  the  las ing  spec t rum i s  shown demonst ra t ing  CW 
ope ra t ion  on an 11.45 wm wave leng th  wi th  s ing le  mode.  The temperature   of   the  
h e a t  s i n k  is 77K. 
CONCLUDING REMARKS 
The mechanism by which heterojunction boundaries become i r r e g u l a r  w a s  
shown and a new method w a s  exp la ined  of l i qu id  phase  ep i t ax ia l  g rowth  wh ich  
p r e v e n t s  t h i s  i r r e g u l a r i t y .  
I 
Lasers prepared  f rom the  wafers  grown by t h i s  new LPE method have 
demonstrated CW o p e r a t i o n  a t  wavelengths   longer   than 10 above 77K. 
We assume t h a t  lasers with emission wavelengths  longer  than 16 urn c a n  a l s o  
be operated cont inuously above 77K i f  n e c e s s a r y .  
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Figure  1.- S c h e m a t i c  s t r u c t u r e  of t h e  laser d iode .  
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Figure  2 . -  E t c h e d  c r o s s  s e c t i o n s  of double  heterowafers .  
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Figure  3 . -  Heterointerface morphology.  
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Figure  4.- Ternary phase diagram of Pb-Sn-Te exp la in ing  the  
h e t e r o j u n c t i o n  b o u n d a r y ' s  i r r e g u l a r i t y .  
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Figure  5.- The t e m p e r a t u r e  p r o f i l e  of u s u a l  LPE method. 
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Figure  6.- The t e m p e r a t u r e  p r o f i l e  of t h e  new LPE method. 
F igu re  7.- E t c h e d  c r o s s  s e c t i o n  of the  double  he te rowafer  €or  the  
long  wave leng th  l a se r s  grown by t h e  new LPE method. 
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Figure 8.- One example of the lasing  spectrum. 
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